We show that a rectangular metallic waveguide loaded with metamaterial elements consisting of electric-field coupled (ELC) resonators placed at the side walls can operate well below the cutoff frequency of the respective unloaded waveguide. The dispersion diagrams indicate that propagating modes in ELC-loaded waveguides are of forward-type for both TE and TM modes.
The study of metallic waveguides loaded with metamaterials has attracted much interest . Because a rectangular waveguide behaves as an electric plasma for TE modes below cutoff [1] , such waveguide can exhibit left-handed media behavior when loaded with negative permeability materials [1] [2] [3] [4] . In particular, waveguides loaded with split ring resonators (SRRs) providing negative permeability were studied extensively [1, 2, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 22] . One important feature of SRR-loaded waveguides is that they support propagation of backward waves. It is noteworthy that the anisotropic response of the metamaterial loadings plays a crucial role in the wave behavior [3, 4, 6, 9, 10, 22] . In fact, this is precisely the reason why a waveguide with an isotropic negative permeability material loading does not support guided modes [6] . In order to produce backward wave propagation, the transverse magnetic permeability needs to be negative, whereas a negative longitudinal permeability produces forward waves. This was recently exploited for controlling backward and forward waves in SRR-loaded waveguides by means of a rotation on the SRR elements [22] . Besides yielding left-handed behavior, metamaterial loadings also enable waveguide miniaturization [6, 10, 12, 13, 21, 22] . Though most of the research has focused on SRR-loaded waveguides, other types of metamaterial loadings are also effective [6-9, 12, 15, 18, 23, 26-29] . In [6] , it was shown that a periodical array of resonant scatterers can provide a passband below cutoff.
Dispersion properties of waveguides loaded with equivalent electric and magnetic dipoles were studied for different dipole orientations [6] . Loadings such as ferrites and dielectricfilled corrugations were also proposed for realization of left-handed media [26] [27] [28] [29] .
It is also of interest to study what happens when a metallic waveguide is loaded with negative permittivity media. It can be easily shown that negative permittivity does not produce a passband for TE modes. On the other hand, by invoking the duality between TE and TM modes, rectangular waveguides behave as magnetic plasma for TM modes below cutoff [7] [8] [9] . Hence, when loaded with negative permittivity media, they mimic lefthanded media. In particular, wire media was proposed to enable backward waves for TM modes [7, 8] . Experimental results on backward waves for TM modes were presented in [9] .
In this work, we investigate TE and TM modes in waveguides loaded with electric-fieldcoupled (ELC) resonators. These resonators were proposed [32] to yield negative permittivity, as an alternative to wire media. ELC has the advantage of easily tunable response and can be excited under different polarizations, enabling different resonant frequencies and characteristics. This feature of ELC was recently exploited for the design electrically-2 small antennas [33] , in conjunction with complementary-electric-field-coupled (CELC) resonators [34] .
Most of the prior work on metamaterial-loaded waveguides has considered a 'homogeneous' type of loading, i.e., where one single element type is used. In this work, we also show that waveguides simultaneously loaded with ELC and SSR resonators can support both backward and forward modes below the original cutoff frequency. In this case, each resonator type can provide independent control of the respective propagating modes. 4 of the waveguide. Fig. 2(a, b) show unit cells of ELC-loaded and SRR-loaded waveguides, respectively. In the (ELC+SRR)-loaded waveguide, the ELC and SRR resonators as shown are simply combined into one unit cell. The unit cell dimensions are 9 × 9 mm in the x and y directions and 8 mm in the z (propagation) direction. Referring to Fig. 2(c, d) showing that the passband of the backward waves and forward waves can be controlled independently. Fig. 4 shows the corresponding transmission spectra, which match very well the dispersion diagrams. angle (remaining parallel to the walls). Fig. 6 shows the TM-mode dispersion diagrams for these two waveguides. The passband for first orientation occurs around 11.8 GHz and the passband for the second orientation occurs around 8 GHz. Both passbands correspond to forward waves. Fig. 7 shows the corresponding transmission spectra for both orientations. 
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For the second orientation, the transmission peak is noticeably weaker.
For the ELC-loaded waveguides considered, the transmission spectra of TE and TM modes are significantly different because for the TE case the electric field in parallel to the ELC resonators, whereas for the TM case the electric field is perpendicular to the ELCs.
Note also that the orientation of the SRR resonators is chosen so that they are properly excited by a perpendicular magnetic field (TE mode).
In summary, it was shown that ELC-loaded waveguides support forward waves below the (original frequency) cutoff for both for TE and TM type of excitation. Moreover, when loading metallic waveguides with ELC and SRR resonators simultaneously, both forward and backward propagating modes can be produced below cutoff, and each mode can be independently controlled by changing the dimensions of the respective (ELC and SRR) resonators, respectively. Based on transmission spectra results, we conclude that loading by ELC resonators provide an attractive strategy for the miniaturization of metallic waveguides. 
